We report on ALMA continuum observations of the black hole X-ray binary A0620-00, at an X-ray luminosity nine orders of magnitude sub-Eddington. The system was significantly detected at 98 GHz (at 44 ± 7 µJy) and only marginally at 233 GHz (20 ± 8 µJy), about 40 days later. These results suggest either an optically thin sub-mm synchrotron spectrum, or highly variable sub-mm jet emission on month timescales. Although the latter appears more likely, we note that, at the time of the ALMA observations, A0620-00 was in a somewhat less active optical-IR state than during all published multi-wavelength campaigns when a flatspectrum, partially self-absorbed jet has been suggested to extend from the radio to the mid-IR regime. Either interpretation is viable in the context of an internal shock model, where the jet's spectral shape and variability are set by the power density spectrum of the shells' Lorentz factor fluctuations. While strictly simultaneous radio-mm-IR observations are necessary to draw definitive conclusions for A0620-00, the data presented here, in combination with recent radio and sub-mm results from higher luminosity systems, demonstrate that jets from black hole X-ray binaries exhibit a high level of variability -either in flux density or intrinsic spectral shape, or both -across a wide spectrum of Eddington ratios. This is not in contrast with expectations from an internal shock model, where lower jet power systems can be expected to exhibit larger fractional variability owing to an overall decrease in synchrotron absorption.
INTRODUCTION
The Atacama Large Millimeter Array (ALMA) offers the opportunity for the first time to characterize the properties of low-luminosity Galactic black hole X-ray binaries in the mm and sub-mm band. This window remains largely unexplored, and can prove to be crucial for our understanding of the interplay between accretion and the production of outflows at very low accretion rates. Especially E-mail: egallo@umich.edu when it comes to winds and relativistic jets, our phenomenological knowledge (Fender, Homan & Belloni 2009 , and references therein) is largely based on observations taken during the bright phases of the hard X-ray state, i.e., at X-ray luminosity levels between about one thousandth to ten per cent of the Eddington luminosity (L Edd ; Plotkin, Gallo & Jonker 2013) . In this regime, the X-ray emission is ascribed to non-thermal radiation from a hot electron/positron population that enshrouds the inner accretion flow, either via Comptonization or synchrotron self-Compton, or a combination of the two. This is ubiquitously associated with persistent radio emission with a flat or slightly inverted spectrum extending up to IR/optical frequencies, where the outer disc and/or the donor star dominate the emission. The combination of the observed radio spectral indices, polarization levels and high brightness temperatures point to synchrotron radiation from a relativistic, collimated outflow, whereby the radio-emitting plasma becomes progressively more transparent at lower frequencies as it propagates toward larger distances from the base (Blandford & Königl 1979; Kaiser 2006) . Arguably the best example of such a persistent, hard state, "steady" jet is the high-mass black hole X-ray binary Cygnus X-1, whose persistent, flat (radiomm) spectrum counterpart (Fender et al. 2000) has been resolved into a compact core plus a variable, highly collimated jet with very long baseline interferometry (Stirling et al. 2001) . In order to attain a steady, flat spectrum, the relativistic plasma within the jet must be constantly re-energized as it propagates downstream, so as to compensate for adiabatic energy losses. In analogy to both gamma-ray bursts and blazars (Spada et al. 2001) , repeated collisions between multiple plasma shells of different velocities/Lorentz factors have been proposed as a viable and efficient mechanism for providing the plasma with a constant energy replenishment (Jamil, Fender & Kaiser 2010; Malzac 2013) . Within the framework of this internal shock model, so long as the energy dissipation occurs at a (nearly) constant rate downstream in the jet, the net, time-averaged result is a (nearly) constant flux density over a large frequency domain (i.e., up to the break frequency where the emission becomes optically thin), even though the physical nature of the so-called steady jet is intrinsically variable. Indeed, the Cygnus X-1 radio flux density displays 20-30 per cent level variability on time-scales of hours to months (Tetarenko et al. 2019a , and references therein).
Moving towards lower luminosities, it is generally believed that the jet properties are fundamentally unaltered, in that the flat radio spectra seem to be retained at Eddington ratios below < ∼ 10 −6 −10 −5 , i.e. in the so-called quiescent regime. In a recent, comprehensive investigation of the radio variability properties of the black hole X-ray binary V404 Cygni in quiescence (at L X 3 − 4 × 10 −5 L Edd Bernardini & Cackett 2014), spanning over a quarter of a century, Plotkin et al. (2019) find evidence for relatively large deviations from a flat spectrum (with an average value of α = 0.02 ± 0.65, where F ν ∝ ν α ). Moreover, 0.3-0.4 dex variability is found to be common on every observable timescale, from minutes up to decades (it should be noted that, owing to the sub-mJy flux densities involved, it is extremely challenging to spatially resolve V404 Cygni's quiescent radio counterpart into multiple, milliarcsec-scale beams with current instrumentation Miller-Jones et al. 2008) . Within the internal shock model scenario, this behaviour can be interpreted as arising from a shock with higher-than-average amplitude propagating through an otherwise "steady" (i.e., nearly constant dissipation throughout the) jet. Multi-wavelength investigations suggest that V404 Cygni's ∼flat synchrotron spectrum extends into the near-IR regime, where it becomes optically thin (Gallo et al. 2007; Hynes et al. 2009; Russell et al. 2013a; Plotkin et al. 2015 Plotkin et al. , 2017 .
Our knowledge of jet behaviour is comparatively limited at extremely sub-Eddington ratios; in terms of radio properties, most of it hinges on radio detections of three nearby (< 3 kpc) systems at L X < ∼ 10 −8 L Edd : A0620-00 (Gallo et al. 2006 (Gallo et al. , 2007 Dinçer et al. 2018) , XTE J1118+480 (Gallo et al. 2014; Plotkin et al. 2015) , and MWC 656 (Dzib, Massi & Jaron 2015; Ribó et al. 2017; see Miller-Jones et al. 2011 for a compilation of upper limits). For all three systems, the measured radio flux densities are again indicative of synchrotron emission from a relativistic jet, as gyro-synchrotron emission from either donor star is estimated to be negligible. Moreover, the luminosities are consistent (within the large errors) with the extrapolation of the empirical, non-linear radio:X-ray luminosity correlation established for higher Eddington ratio systems (Corbel et al. 2003; Corbel, Körding & Kaaret 2008; Corbel et al. 2013; Gallo, Fender & Pooley 2003; Gallo, Miller & Fender 2012; Gallo et al. 2014 ). This has contributed significantly to the notion of quiescence as a dialed-down version of the more luminous hard state, whereby the jet power decreases along with the accretion flow's radiative efficiency. A critical, open question, however, is whether, at such low Eddington ratios, the jet remains optically thick all the way to IR wavelengths. If so, and owing to the non-linear radio:X-ray luminosity scaling, then the jet -rather than the accretion flow -may dominate the power output from quiescent systems (Fender, Gallo & Jonker 2003; Gallo et al. 2005; Körding, Fender & Migliari 2006; Russell et al. 2010; Coriat et al. 2011; Polko et al. 2013; Markoff et al. 2015) .
Determining the full spectral extent of the radio-emitting jet in hard state and quiescent black hole X-ray binaries essentially translates into a careful modelling of the system's optical and IR emission. This aims to ascertain the presence of any excess IR emission with respect to the tail of the donor star's blackbody spectrum, and to determine its physical nature. In addition to synchrotron radiation from a jet, excess IR emission can be ascribed to a variety of mechanisms, including synchrotron radiation from a hot, radiatively inefficient inflow, thermal emission from the accretion stream-outer flow impact point, thermal emission from the outer accretion disc and/or thermal emission from a cold, dusty disc of circumbinary material (see § 3 for details and references).
At L X 10 −9 L Edd , and 1.06±0.12 kpc distance (Cantrell et al. 2010) , the quiescent black hole X-ray binary A0620-00 provides us with a testbed for competing models through a direct measurement of its mm spectrum. In this Letter, we report on dual band ALMA observations of A0620-00, obtained in November and December 2016. In concert with closely-spaced radio and IR-optical observations, these data enable us to place new constraints on the jet properties in this prototypical system. The data were calibrated using CASA (v5.1; McMullin et al. 2007 ) using the pipeline script provided by ALMA staff. For both sets of observations the quasars J0750+1231 and J0641-0320 were used for flux and phase calibration, respectively. After the initial calibration, there was insufficient signal to perform self-calibration. A0620-00 is clearly detected in the Band 3 continuum, while only marginally significant emission is found for Band 6. In order to check whether phase decorrelation could have reduced the detection significance in Band 6, we reran the calibration pipeline, flagging three scans on the phase calibrator (scans 8, 14 and 20) prior to the gain calibration, and treating them as a second target source, interpolating the complex gains from neighbouring calibrator scans. Imaging the data from these three scans gave a peak flux density within 5 per cent of that measured from the self-calibrated data on the same source. This confirms that phase decorrelation as a function of time was <5 per cent during the Band 6 observations. While we cannot explicitly test for decorrelation as a function of position on the sky, the time stability and Band 6 weather conditions give us a degree of confidence that the (5.6 degree) positional shift between the phase calibrator and A0620-00 was unlikely to be responsible for decorrelation as a function of position. The integrated flux densities were measured by fitting a 2D Gaussian with the same properties as the synthesized beam to the continuum images, allowing the total integrated flux density and source position to vary. Posterior distributions were sampled using an affine invariant Markov chain Monte Carlo ensemble sampler, emcee (Foreman-Mackey et al. 2013) . In Band 3 the best-fitting integrated flux was 43.6 ± 0.8 µJy and in Band 6 it was 20 ± 1 µJy, where the 16th to 84th percentiles of the posterior distribution (which was symmetric about the median) were used to quantify the uncertainty in the Gaussian's amplitude. Absolute flux calibration adds a systematic uncertainties of 5 per cent for Band 3 and 10 per cent for Band 6; overall, the measurement errors are dominated by rms noise uncertainties, yielding a robust detection in Band 3, at 44 ± 7 µJy, and a marginally significant detection in band 6, at 20 ± 8 µJy.
VLA
We obtained 13 observations with the Karl G. Jansky Very Large Array (VLA) between the 11th September 2017 and 22nd January 2018 (program 17B-233; PI: Plotkin). Each observation lasted between 30 and 90 min, for a total of 666 min integration time on source across all 13 observations. The data were taken in continuum mode at X-band (8-12 GHz) using 4 GHz total bandwidth (over 2×2 GHz basebands centred at 9.0 and 10.65 GHz). Data were processed using CASA v5.1.1 (McMullin et al. 2007 ). We used calibrated data products provided by NRAO from the VLA CASA Calibration pipeline v5.1.2. For these calibrations, for 11/13 observations, 3C 48 was used as the primary calibrator to perform delay calibration, to find complex bandpass solutions, and to set the flux density scale (3C 286 was used for the other two observations). All 13 observations used J0643+0857 as a nearby secondary calibrator to derive the complex gain solutions. Imaging was performed using CLEAN in CASA. We stacked all 13 images, but imaged each 2 GHz base-band separately to obtain spectral information. We used natural weighting to maximise the sensitivity, and we accounted for the frequency dependence over the large fractional bandwidth using two Taylor terms (NTERMS=2). We measured flux densities in the stacked images of each 2 GHz baseband using IMFIT, forcing a point source (fixed to the size of the synthesized beam) at the known location of A0620-00. We measured flux densities of 12.9 ± 1.5 and 14.2 ± 1.8 µJy bm −1 at 8.9 and 10.8 GHz, respectively. The quoted error bars correspond to rms errors for each image, conservatively inflated by 10 per cent to account for potential systematic uncertainties in the flux density scale derived from 3C 48, which started a large flare around 2018 January (towards the end of our observations). Radio variability is estimated to be well within a factor of 2 during this monitoring campaign (Plotkin et al., in prep.) .
SMARTS
A0620-00 is routinely monitored at optical and near-IR (NIR) frequencies with the dual-channel imager ANDICAM on the SMARTS 1.3 m telescope, at the Cerro Tololo Inter-American Observatory. Data presented here were reduced following standard procedures described in Dinçer et al. (2018) ; point-spread function photometry was first performed to measure instrumental magnitudes for A0620-00 and several nearby field stars, and then converted to the standard photometric system through differential photometry, with absolute calibration via optical primary standards on clear nights and the Two Micron All-Sky Survey catalog.
For calculating the intrinsic source fluxes, we used the zero points given in Bessell, Castelli & Plez (1998) , and the color excess E(B − V) = 0.30 ± 0.05 (Cantrell et al. 2010) , which was converted to total extinction values A B = 1.23, A V = 0.93, A I = 0.47, A J = 0.26, A H = 0.16, and A K = 0.11. Shown in Figure 2 are A0620-00's, phase-folded, SMARTS V-band magnitudes as measured over a variety of epochs close to the multi-wavelength campaigns discussed below. This is for the purpose of illustrating whether, at the time of a specific campaign, the source was in a passive vs. active quiescent state, as identified by Cantrell et al. (2008; see § 3.1) . Figure 3 shows instead the average H-I-V and B-magnitudes as measured on December 20 and 21, 2016, i.e. simultaneous with the ALMA Band 6 data. Figure 2 . A0620-00's orbital-phased SMARTS V-band magnitudes, calculated using the updated ephemeris by Cherepashchuk et al. (2019) . Nearly simultaneous epochs with other multi-wavelength measurements quoted in the body of this paper are highlighted with different colors, and compared against the passive state "envelope" defined by Cantrell et al. (2008) , in black, vs. active state data from Cantrell et al., as well as Dinçer et al. (2018) , in sand and light pink. Blue and orange points, respectively, are simultaneous within ±2 days with the 2016 Band 6 and Band 3 ALMA data presented here. While they are formally inconsistent with a pure passive state, the Band 3 data (which, unlike Band 6, resulted in a significant detection) may correspond to a slightly higher activity level.
RESULTS AND DISCUSSION
To interpret the ALMA observations presented here, it is useful to start by critically reviewing the relative complexity of what we refer to as quiescence, and the many ways the black hole X-ray binary A0620-00 has played a key role in our understanding of it.
3.1 A0620-00's jet: spectral extent and variability
In a seminal work, Cantrell et al. (2008) analysed optical and NIR orbital-phase resolved data of A0620-00 from 1981 to 2007 (see also Cantrell et al. 2010) . They first distinguished between two main quiescent states -passive and active, plus loops state, in between the two -each representing different levels of activity. Passive state light curves display the lowest level variability; in this regime, the ellipsoidal modulation of the donor star fully accounts for the observed optical-NIR variability. In the active state, the optical-NIR flux is 0.1-0.4 magnitudes brighter and variable, with prominent variations even on short timescales (down to seconds; e.g., Hynes et al. 2003; Neilsen, Steeghs & Vrtilek 2008 ). A0620-00, which has been in quiescence since the decline from the 1975 outburst that led to its discovery (Elvis et al. 1975 (Shugarov et al. 2016; van Grunsven et al. 2017; Dinçer et al. 2018; Cherepashchuk et al. 2019) . Figure 2 illustrates the phase-folded, V-band variability of A0620-00 during (or close to) the different campaigns and observations discussed below, vis-a-vis the well-identified passive and active states, shown by the black and sand/pink circles, respectively.
Several lines of evidence suggest that, at least during the active state, the spectral properties of the radio jet in A0620-00 resemble those of higher Eddington ratios systems, such as V404 Cygni, where a partially self-absorbed synchrotron spectrum extends all the way from radio up to mid-IR wavelengths (e.g. Russell et al. 2013a,b; Tetarenko et al. 2015; Maitra et al. 2017) . Arguably the most compelling piece of evidence for this comes from broadband SED modelling. With an 8.5 GHz counterpart at 51±7µJy, A0620-00 was the first truly quiescent black hole X-ray binary to be detected in the radio band, in 2005 (Gallo et al. 2006 ). Earlier observations, performed in 2003 with Spitzer MIPS had shown evidence for excess mid-IR emission with respect to the tail of the donor star at 8 µm (Muno & Mauerhan 2006) . These authors ascribed the mid-IR excess to thermal emission from a cold, circumbinary dust disc, illuminated by the low-mass donor star (such discs may be formed as a result of mass outflow from the outer accretion disc; Taam & Spruit 2001 ). Subsequently, Gallo et al. (2007) combined optical and X-ray observations performed in 2005 (simultaneously with the VLA) with the (non-simultaneous) Spitzer MIPS data (all in active state -see Figure 2) , and reinterpreted the mid-IR excess as arising from the extrapolation of a ∼flat-spectrum radio jet extending all the way to the Spitzer band (if true, this would imply that the radiative output of the jet in A0620-00 would be comparable to -if not greater than, depending on the cooling break frequency -that of the accretion flow).
Along the same lines, Froning et al. (2011) fitted the broadband SED of A0620-00, taken in 2010 March (likely during the active state, according to the same authors; no SMARTS data are available for this campaign), and including high-resolution optical and UV spectra from Keck and the Hubble Space Telescope. They found that the non-stellar light had a peak at 0.3 µm that could be fitted by a black-body, likely from the hot spot/stream impact point onto the accretion disc from the donor star. They also reported on a UV upturn in flux and a red excess that can both be fitted well by a model in which a partially self-absorbed jet extends all the way to the mid-IR, with the pre-acceleration inner jet component dominating the UV upturn, and the post-acceleration synchrotron dominating the red excess towards the IR (simultaneous radio observations with the Australia Telescope Compact Array did not detect A0620-00 down to 42 µJy at 5.5 GHz). Froning et al. (2011) inferred from their modelling that the mass accretion rate from the donor through the hot spot (which has also been detected in Doppler maps from optical emission lines; González Hernández & Casares 2010) was five orders of magnitude higher than the accretion rate at the black hole inferred from the X-ray luminosity, implying either highly radiatively inefficient accretion, and/or that outflows expel almost all of the accreted mass, and/or the mass transfer rate from the outer disc into the inner hot region is very low as matter builds up in the disc.
Optical-IR variability also gives important clues to the nature of the IR emission in A0620-00, and other quiescent systems. The power density spectrum of the highly variable optical-IR component detected in the active quiescent state, when measured, is similar to that of an X-ray power density spectrum of a black hole X-ray binary in the hard state, in which the X-ray variability originates in the inner regions of the accretion flow. This "flickering" component is stronger at longer wavelengths, with a fractional rms amplitude of ∼ 15-24 per cent at optical wavelengths, rising to ∼ 42 per cent at (K-band) NIR wavelengths (Dinçer et al. 2018) . The spectral index of the variable component has been inferred by various authors to be steeply red at optical-NIR wavelengths (α = −1.4 to −0.7; Shahbaz et al. 2004; Cantrell et al. 2010; Dinçer et al. 2018) , and flat/slightly inverted at NIR (α ∼ 0.3 to 0.4; Cherepashchuk et al. 2019 ) and mid-IR (α = 0.2 to 0.3 at 3.6-8.0 µm; Maitra et al. 2011) wavelengths. Noting that the extrapolation of this non-stellar mid-IR spectrum of A0620-00 down to GHz frequencies was consistent with the radio flux measured by the VLA in 2005, Russell et al. (2013a) concluded that the optically thick-to-thin jet break lies in the optical frequency range: 1.3 ± 0.5 × 10 14 Hz.
Finally, Russell et al. (2016) reported an excess of linear polarization of ∼ 1.25 ± 0.28 per cent in the NIR for A0620-00 (from observations taken in February 2013, again during the active state), with a position angle of the magnetic field vector that is consistent with being parallel with the inferred axis for the transient radio ejection associated with the source 1975 outburst (Kuulkers et al. 1999) , providing further circumstantial evidence for the jet interpretation of the IR excess -albeit alternative mechanisms, such as coronal synchrotron emission or a circumbinary disc whose dust grains align with the global magnetic field of the accretion disc may be able to yield similar polarization signatures.
In spite of multiple, indirect lines of evidence for a ∼flat radiomid-IR jet spectrum in the active state of A0620-00 (and also in Swift J1357.2-0933, in which the jet break has been found in the IR in quiescence, Plotkin et al. 2016; Russell et al. 2018) , there are reasons to remain skeptical. It should be noted that, to first order, the jet break frequency is expected to scale inversely with the black hole mass (Falcke & Biermann 1995; Heinz & Sunyaev 2003) ; as jet breaks are often observed in the GHz/sub-mm regime in active galactic nuclei, they are expected to occur in the IR-optical band for 10 5−7 times lighter objects. At the same time, additional parameters are thought to affect the exact jet break frequency for a given system: e.g., the exact value is known to vary with the overall luminosity level as well as X-ray photon index (Homan & Belloni 2005; Gandhi et al. 2011; Koljonen et al. 2015; Vincentelli et al. 2018) , likely reflecting changes in the magnetic field energy density, particle density and/or mass loading at the jet base (Markoff 2010; Russell et al. 2013a; Markoff et al. 2015) . While an optical jet break for a system at nine orders of magnitude sub-Eddington remains somewhat challenging in the context of basic scale-invariant jet models, recent developments allow for more nuanced solutions. As an example, the 3 dex excursion in jet break frequency observed during a single state transition in the black hole X-ray binary MAXI J1836-194 (Russell et al. 2014 ) has been successfully modelled through a semianalytical treatment of the relativistic-magneto-hydrodynamic jet equations (Polko, Meier & Markoff 2014; Ceccobello et al. 2018) , where the jet break frequency is assumed to correspond to the location of the jet's "modified fast point". Alternatively, it may be that an additional spectral component contributes some of the optical emission.
The last broadband SED investigation of A0620-00 prior to our ALMA observations was presented by Dinçer et al. (2018) , who collected simultaneous radio, IR, optical and X-ray data in December 2013 (see pink points "Dincer+18" in Figure 2 ; also in the active state). While they did not attempt an overall spectral fit, Dinçer et al. (2018) were the first to report a highly inverted radio spectrum, between 5-22 GHz, with α = +0.70 ± 0.13. Taken at face value, this spectrum is inconsistent with an extrapolation of the known mid-IR excess to radio frequencies; in the absence of mm data, however, it could either signal a highly peaked radio-mm spectrum, or simply trace high-level variability, or, the low frequency curvature of an otherwise ∼flat 50 µJy spectrum above 20 GHz, (as seen, e.g., in V404 Cygni; Russell et al. 2013a; Plotkin et al. 2019) . Dinçer et al. (2018) ; blue filled circles represent the most recent data set, consisting of the new VLA, ALMA and SMARTS observations presented in this work. The ALMA data alone could easily be interpreted as indicative of optically thin synchrotron emission, with α = −0.56 ± 0.47 (3σ C.L.) over the 98-233 GHz frequency interval. However, as the Band 3 and 6 observations were taken on 12-14th November and 20th-21st December 2016, respectively, it is also possible -and arguably more likely -that the measured values indicate a factor > ∼ 2 variability in flux density over > ∼ 1-month timescale. This would be broadly consistent both with the measured variability at 5-8 GHz over a time-scale of several years (see again Figure 3 ), as well as with the much shorter term variability inferred for the jet of V404 Cygni at radio frequencies (albeit at 3 dex higher L Edd ; Plotkin et al. 2019 ).
That intrinsic variability may be at the origin of what we are observing is indirectly supported by the SMARTS monitoring, as illustrated in Figure 2 , where data from within ±2 days of the 98 GHz (Band 3) and 233 GHz (Band 6) ALMA observations, respectively, are shown as orange and blue points. While both ALMA epochs appear inconsistent with a pure passive state (i.e. with the black points), the 98 GHz data (which resulted in a significant detection) broadly overlap with active state data from previous campaigns (light pink and sand points), and, seem to correspond to a slightly higher activity level than the 233 GHz data. At the same time, it should be noted that, during both ALMA observations, A0620-00 was somewhat less active than during other published multi-wavelength campaigns discussed above, when a flat-spectrum, partially selfabsorbed jet been suggested to extend from the radio to at least the mid-IR regime. 
On the variable nature of black hole X-ray binary jets
While strictly simultaneous radio-mm-IR observations are necessary to draw definitive conclusions, the data presented here, when discussed in the context of previous multi-wavelength campaigns, suggest that A0620-00's jet has a highly variable nature. Whether they are best explained by a variable jet break location (with a < ∼ 100 GHz break frequency, compared to previous claims in the mid-IR/optical), or significant intrinsic flux variability within an otherwise partially self-absorbed jet, the 2016 ALMA observations of A0620-00, in combination with recent radio results from V404 Cygni (Plotkin et al. 2019 ) and Cygnus X-1 (Tetarenko et al. 2019a) , and optical-IR results from Swift J1357.2-0933 (Shahbaz et al. 2013; Russell et al. 2018) , demonstrate that jets from black hole X-ray binaries exhibit a high level of variability across a wide spectrum of Eddington ratios.
In the context of the internal shock model, A0620-00's behaviour may be linked to a systematic change in the amplitude and/or injection time-scale of the shells' Lorentz factor fluctuations. With respect to the latter, Malzac (2014) find that, whereas a ∼flat radio-mid-IR jet SED naturally arises from a flicker noise process, i.e., where the power spectral density of the Lorentz factor fluctuations is inversely proportional to the Fourier frequency (P( f ) ∝ 1/ f ), a peaked spectrum at GHz frequencies can result from a steep power spectral density, where P( f ) ∝ 1/ f β , with β > 1. For steeper β values, the Lorentz factor fluctuations have, on average, longer time-scales, meaning that most of the shell collisions, and hence energy dissipation, occur farther away along the jet (see figures 5e and 5e in Malzac 2014). This would correspond to a scenario where the jet break frequency indeed occurred below ∼ 100 GHz at the time of the ALMA observations. Alternatively -and arguably more likely -the ALMA data could signal > ∼ 100 per cent flux variability over a month timescale. Going back to the internal shock model, a broad range of variability timescales can be induced if/when higher-than-average amplitude fluctuations propagate through an otherwise fainter, flat-spectrum jet which may or may not extend to the mid-IR (this has also been suggested to explain the optically thin radio spectral index that is sometimes observed in V404 Cygni; Plotkin et al. 2019) . Incidentally, for a conical jet geometry, the fractional variability is bound to be progressively higher at higher frequencies, where the size of the emitting region becomes progressively smaller (in spite of the very limited diagnostics available in the mm and sub-mm windows, observations of V404 Cygni during the decay from its 2015 outbursts appear to confirm enhanced variability at sub-mm wavelengths, compared to cm; Tetarenko et al. 2019b ).
In the specific case of A0620-00, it is important to stress again that the ALMA observations were taken at a time when the system's optical-IR variability had not fully reached the active quiescent state, which previous investigations have claimed to be associated with a mid-IR jet. It is interesting to recall that, in their seminal work, Cantrell et al. (2008) ascribe the transition from passive to loops and active states to the onset of clumpy accretion, where the loops are "qualitatively consistent with expanding shells of gas, initially heated to be bluer than A0620-00's secondary, then cooling adiabatically as they redden significantly while remaining bright, then finally fading from view". The active state is described as more erratic, with large color as well as magnitude fluctuations that are seldom as faint as the minimum passive state data. We speculate that the passive quiescent state may correspond to a regime where the jet emission is negligible at mid-IR frequencies -possibly even suppressed entirely as a result of extremely low accretion rates. The sudden onset of (clumpy) accretion events would initiate the building up of a jet. Initially, the power density spectrum of the Lorentz factor fluctuations could be fairly steep (β > ∼ 1), possibly corresponding to a peaked sub-mm/mm synchrotron spectrum, and would progressively flatten as the system settles into the active quiescent state. If so, the jet itself may ultimately be responsible for defining the active and passive quiescent states of A0620-00 as identified by Cantrell et al. More importantly, this behaviour should be common at extremely low accretion rates. Higher Eddington-ratios systems, where accretion takes place in a more sustained fashion, would instead be characterized (in A0620-00's jargon) by a persistent active state, where the jet is likely responsible for the observed mid-IR excess at all times.
In closing, no firm conclusions can be drawn based upon on the dual band ALMA observations of the quiescent black hole Xray binary A0620-00 presented here. The source was significantly detected at 98 GHz (Band 3) in mid November 2016, and only marginally so at 233 GHz (Band 6) some 40 days later. This can either be interpreted as the signature of a partially self-absorbed jet whose break frequency occurred somewhere below 98 GHz, or, more simply, in terms of intrinsic flux variability on ∼month timescales in the ALMA bandpass. Strictly simultaneous radio and mm observations of A0620-00, in concert with IR and optical, are necessary to discriminate between the two explanations, and whether indeed the peculiar active/passive quiescent state phenomenology of this system is directly linked to the jet itself. Regardless of the correct interpretation, the data presented here, in combination with recent radio and sub-mm results from higher luminosity systems, demonstrate that jets from black hole X-ray binaries exhibit a high level of variability -either in flux density or intrinsic spectral shape, or both -across a wide spectrum of Eddington ratios. At first glance, this may be surprising, in the sense that one might expect that, as the accretion rate decreases, so does the total jet power and, as a consequence, its degree of variability. However, precisely as a result of a reduced jet power, the jet synchrotron emission becomes less absorbed, and the inner parts of the jet emit lower frequency radiation that they would at higher accretion rates/jet powers. In other words, at any given frequency, the SED of a quiescent/low jet power source is going to be dominated by emission occurring at smaller (as in, closer to the jet base) physical scales than for brighter X-ray states. Thus, in spite or the reduced overall flux levels, fractional variability can be safely expected to remain strong in the less powerful sources.
